The aims of this study were to investigate the hypothesis that intrinsic antibiotic resistance (IAR) profiles of chickpea rhizobia are correlated with the isolates site of origin, and to compare the discriminating power of IAR profiles with molecular approaches in rhizobial strain identification and differentiation. Rhizobial diversity from five Portuguese soils was assessed by IAR profiles and molecular methods [16S rDNA restriction fragment length polymorphism (RFLP) analysis, direct amplified polymorphic DNA (DAPD) fingerprinting, and SDS-PAGE analysis of protein profiles]. For each analysis, a dendrogram was generated using the software BioNumerics. All three molecular methods generated analogous clustering of the isolates, supporting previous results on 16S rDNA sequence-based phylogeny. Clusters obtained with IAR profile are similar to the species groups generated with the molecular methods used. IAR groups do not correlate significantly with the geographic origin of the isolates. These results may indicate a chromosomal location of antibiotic resistance genes, and suggest that IAR is species related. DAPD and IAR profiles proved to be the most discriminating approaches in strain differentiation and can be used as fast methods to screen diversity in new isolates.
Introduction
The increasing interest in nitrogen-fixing organisms is related to the fact that nitrogen is often the limiting factor in crop production. The use of N fertilizers is associated with severe pollution problems, so the symbiosis between legumes (as chickpea) and rhizobia assumes a major role. Chickpea is an introduced legume in Portugal whose yield has been declining for the past decades as a result of political and social factors. Despite the importance of optimizing the plant-bacteria symbiosis to promote chickpea production, field inoculation has been carried out only in experimental approaches. Two species of soil bacteria able to form functional nodules when interacting with chickpea roots are described as specific microsymbionts: Mesorhizobium ciceri and M. mediterraneum [27, 28] . Nevertheless, isolates related to at least three other species (M. amorphae, M. loti, and M. tianshanense) have been described to nodulate chickpea [17] .
Rhizobial genome organization has been widely studied. Usually, these bacteria have one chromosome and several plasmids and/or megaplasmids that may represent 50% of the genome [23] . Symbiotic genes are typically located in megaplasmids, known as pSyms [6, 11] . Nonsymbiotic plasmids may encode locally adaptive traits that confer phenotypic advantages, such as heavy metals or antibiotic resistance genes. In evolutionary terms, plasmid encoded genes have the advantage of being more easily exchangeable within a certain population than genes located in the chromosome [10] .
The study of rhizobial diversity has been achieved using several phenotypic and molecular approaches. Identification methods that often lead to phylogeny inference include DNA-DNA hybridization, 16S rDNA sequencing [32] , and 16S rDNA RFLP analysis [14] . Some of the most commonly used differentiation methods, which have allowed the establishment of genetic relationships, are random amplified polymorphic DNA (RAPD) [12, 29] , total protein profiles [8, 25, 36] , intrinsic antibiotic resistance (IAR) patterns [1] , assimilation and biochemical tests [8] , and, more recently, direct amplified polymorphic DNA (DAPD) [16] . Studies on soybean and bean rhizobia have revealed incon-gruence between clustering based on phenotypic and molecular data [1, 35] .
The diversity and phylogeny of chickpea rhizobia isolates from Portuguese soils was previously analyzed [15] [16] [17] . In the present study, we compared the discriminating power of a phenotypic method (IAR profiles) with molecular approaches [16S rDNA RFLP, DAPD, and total protein profiles] in the identification and differentiation of isolates. We also investigated the hypothesis that intrinsic antibiotic resistance profiles of native rhizobia are correlated with their origin site.
Methods

Bacterial Strains.
Forty-one indigenous chickpea rhizobia isolates, obtained from several Portuguese regions [Beja, Elvas, Estação Nacional de Melhoramento de Plantas (ENMP), É vora, and Setú bal] as described in previous studies [15, 16] , were used. This set of isolates was selected by its higher symbiotic efficiency and diverse plasmid profiles. Additionally, the eight type strains of the known Mesorhizobium species (M. amorphae, M. chacoence, M. ciceri, M. huakuii, M. loti, M. mediterraneum, M. plurifarium, and M. tianshanense), Rhizobium etli type strain, and Sinorhizobium meliloti strain 1021 were used. All strains were routinely grown in TY medium [4] at 28-C.
RFLP Analysis of 16S rDNA.
The 16S rRNA gene was amplified by PCR as previously described [17] . PCR products were purified using CONCERTi Rapid PCR Purification System (Gibco BRL, Gaithersburg, MD, USA) following the manufacturer`s instructions and were digested with five endonucleases, namely, AluI, HhaI, HpaII, RsaI, and TaqI, according to the supplier`s instructions. Restriction fragments were analyzed by 1.5% (w/v) agarose gel electrophoresis.
DAPD Analysis.
DAPD analysis, a recently described PCR-based fingerprinting technique [16] , was performed as previously described [17] . A single primer (RPO1) directed to a nif HDK promoter consensus sequence [29] was used. Amplified products were separated on 1% (w/v) agarose gels.
SDS-PAGE Analysis of Total Proteins.
Total protein profiles were performed according to the method described by Laranjo and co-workers [17] . Cells were treated using a protocol adapted from [33] . Protein concentration was adjusted at 280 nm.
Intrinsic Antibiotic Resistance Profiles.
The disk diffusion method was used to evaluate the antibiotic susceptibility of chickpea rhizobia isolates [26] . Cells were grown in 5 mL of Yeast Mannitol Broth (YMB) [37] for 18 h at 28-C with shaking and cell density standardized to 0.25 at 540 nm. The resulting cell suspension was homogenously spread onto Yeast Mannitol Agar (YMA) plates [37] in duplicate. Eight antibiotics (Oxoid) were dispensed into YMA plates: carbenicillin (100 2g), gentamycin (10 2g), kanamycin (30 2g), neomycin (30 2g), polymycin B (300 units), rifampicin (5 2g), spectinomycin (10 2g), and streptomycin (10 2g). A blank disk was also used as a negative control. Plates were incubated at 28-C for 5 days. Inhibition zone diameter (Ø) was measured for each antibiotic (in mm). Reproducibility was tested.
Data Treatment.
Molecular data were analyzed using the software BioNumerics (version 2.0; Applied Maths, Kortrijik, Belgium). For cluster analysis, the similarity matrix Dice coefficient [9] and the unweighted pair group mean averages (UPGMA) algorithm [31] were used. Analysis of phenotypic data was performed using the same software, and clustering was based on the dissimilarity matrix generated by Euclidean distance [5] .
Results
The 16S rRNA gene was amplified nearly full length (approximately 1360 bp) and the resulting PCR product was digested separately with five restriction enzymes. Each endonuclease generated three to six profiles.
The 16S rDNA genotypes obtained for the 41 isolates were compared with those of type strains from known species and four main clusters could be identified ( Fig. 1 ). Cluster A contains 17 isolates from Beja, Elvas, and É vora and the type strains of M. huakuii, although the isolates form a separate branch. Cluster B encloses isolates 93-É vora and ST-2-Setú bal plus the type strain of M. tianshanense. Cluster C includes 11 isolates from Beja and Elvas-ENMP and also the type strain of M mediterraneum. Cluster D has 11 isolates from Beja Elvas and Elvas-ENMP and the type strains of M. ciceri and M. loti. These clusters correspond to the previously identified species groups obtained with 16S rDNA sequence of the 21 isolates [17] , shown in bold in Fig. 1 .
All endonucleases except RsaI were necessary to resolve both isolates and reference strains. Nevertheless, a minimum of two enzymes, HhaI and HpaII, was sufficient to separate the native isolates into four clusters. This combination had the same discriminating power as the combination of the five enzymes.
The dendrogram shows that isolates clustering does not reflect their geographic origin (Beja, Elvas, ENMP, É vora, and Setú bal). However, isolates from ENMP are found only in clusters C and D, and isolates from É vora group were mostly in cluster A (Fig. 1). A. ALEXANDRE ET AL.: CHICKPEA RHIZOBIA DIVERSITY All isolates were analyzed by DAPD under standardized conditions and reproducible profiles were obtained. All amplification products were between 250 bp and 3 kb in length. Most isolates exhibited unique and distinct profiles. However, some isolates showed similar patterns: 29-Beja, EE-14-ENMP, and EE-29-ENMP; EE-2-ENMP and EE-3-ENMP; EE-9-ENMP and EE-13-ENMP; 77-Elvas and 89a.-É vora; 64b.-Beja, 78-Elvas, 83-Elvas, 85-Elvas, and CV-18-Elvas (Fig. 2) .
The dendrogram based on DAPD analysis shows that the clustering of isolates is in good agreement with the clustering revealed by 16S rDNA RFLP dendrogram, as the same four clusters are obtained. Only isolates 75-Elvas and 77-Elvas group within cluster A, far apart from its 16S rDNA RFLP cluster (D) (Fig. 2) .
All isolates were fingerprinted for their protein profiles. The profiles were reproducible, and many isolates were observed to share common patterns.
Clustering of isolates based on total protein profiles (Fig. 4A) globally agrees with the 16S rDNA RFLP dendrogram, as shown in Fig. 3 . Antibiotic resistance analysis generated reproducible profiles. Almost all isolates revealed a distinct antibiogram for the combination of the used antibiotics. The only exceptions were isolates CV-11-Elvas, 87-É vora, and 89a.-É vora, on one hand, and isolates 79-Elvas and 83-Elvas, on the other, which showed identical antibiograms (Fig. 4A, 4B) .
The Elvas-CV population showed the highest number of resistant isolates to the set of antibiotics used.
For all antibiotics, except for spectinomycin and neomycin, at least one very resistant native isolate was identified.
Many isolates exhibited high resistance to polymycin B (54% of the isolates) and streptomycin (34% of the isolates).
Most isolates revealed to be very sensitive to carbenicillin. However, a few resistant isolates (79-Elvas, 83-Elvas, CV-11-Elvas, 87-É vora, and 89a.-É vora) were detected.
Clustering of the isolates based on IAR profiles was found to be globally similar to the clustering based on the three molecular methods (16S rDNA RFLP, DAPD, and protein profiles) (Fig. 4A) . However, a group of six isolates is separated from all others, thereby forming a new cluster: isolates CV-11-Elvas, 89a.-É vora, 87-É vora, 83-Elvas, and 79-Elvas, which should belong to cluster A from 16S rDNA RFLP dendrogram; and 77-Elvas that should be part of cluster D. Another exception is isolate 92-É vora, which groups within cluster D, instead of cluster A.
No significant relationship was found between isolates clustering and their geographical origin.
A global dendrogram was generated combining the similarity matrixes of both IAR and molecular approaches ( Fig. 5) with the BioNumerics software (version 2.0; Applied Maths).
This composite dataset has a high resolution power, as it discriminates closely related isolates. All isolates group at a similarity level of 90%.
Similarly to the 16S rDNA RFLP analysis, this dendrogram shows the 16S rDNA sequence species groups previously determined, for the 21 isolates [17] , in bold in Fig. 1 .
Discussion
The present study involved the comparison of intrinsic antibiotic resistance profiles with several molecular methods (16S rDNA RFLP, DAPD, and protein profiles), as tools to assess genetic relationships among chickpea rhizobia isolates.
Considering that antibiotic resistance genes are easily exchanged within the same population because of their plasmid localization [7, 38] , we could expect isolates from the same region to present similar antibiotic resistance profiles and thus to group in the same IAR cluster. However, the present study shows that clustering of rhizobia isolates based on IAR profiles does not reflect their geographic origin. Similar conclusion were drawn by other authors for rhizobia that nodulate Acacia species [42] .
Except for nine isolates, clusters based on antibiotic resistance profiles are identical to clusters obtained with molecular methods. The global similarity between clus- A. ALEXANDRE ET AL.: CHICKPEA RHIZOBIA DIVERSITY ters obtained with IAR and molecular approaches is consistent with the findings of other authors, also for chickpea rhizobia [21, 22] . However, other studies on rhizobia from soybean, peanut, and bean showed that clustering based on IAR profiles is distinct from that obtained with molecular methods, including 16S rDNA RFLP, RAPD fingerprinting, and protein fingerprinting [1, 34, 35] .
Dendrograms generated with the molecular methods, particularly with 16S rDNA RFLP, are consistent with the 16S rDNA sequence-based phylogeny, of a subgroup of 21 isolates, previously analyzed [17] , and identified in bold, in Fig. 1 . The 16S rDNA sequencing analysis of these isolates allowed the identification of isolates clusters as follows: cluster A-Mesorhizobium putative new species; cluster B-M. tianshanense; cluster C-M. mediterraneum; and cluster D-M. ciceri and M. loti [17] . These species clusters are conserved in the present 16S rDNA RFLP analysis (Fig. 1) . Other authors have already suggested that a careful choice of restriction enzymes results in 16S rDNA RFLP groups that are in good correlation with sequencing results [14, 24] .
Additionally, clusters based on 16S rDNA RFLP, DAPD profiles, and total protein profiles are similar (with a few exceptions mentioned in Results), supporting previous studies [8, 17, 30] . All cophenetic correlation coefficients (CCC) indicate a good fitness between the similarity matrix and the dendrogram (minimum CCC obtained was 83%).
The congruency between clustering from IAR and molecular methods may suggest a chromosomal location for antibiotic resistance genes. This hypothesis is sup- 
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A. ALEXANDRE ET AL.: CHICKPEA RHIZOBIA DIVERSITY ported by the identification of two antibiotic resistance genes, coding for kanamycin and streptomycin resistance proteins, annotated in the rhizobial chromosome of M. loti strain MAFF303099 (http://www.kazusa.or.jp/ rhizobase). Chromosomal encoded genes are less easily exchangeable between bacteria from natural populations than plasmid genes. Furthermore, the correlation found between IAR and 16S rDNA RFLP/sequence isolates clustering may be related to the fact that some of the resistance mechanisms to aminoglycosides antibiotics, such as gentamycin, kanamycin, neomycin, spectinomycin, and streptomycin, are known to often result from mutations in the 16S rRNA gene [3, [18] [19] [20] . These could be some of the reasons why isolates IAR profiles reflect species clusters instead of geographical origin.
Despite the results with the native isolates, the position of Mesorhizobium type species in the IAR-based dendrogram (data not shown) differed significantly from the one in the 16S rDNA-based phylogeny [17] . This could be attributable to the different natural conditions between the origin sites of the isolates and the type strains. The resemblance between IAR clustering and 16S rDNA-based phylogeny of our isolates suggests that rhizobia of the same species may have acquired similar A. ALEXANDRE ET AL.: CHICKPEA RHIZOBIA DIVERSITY genes for IAR but only when subjected to identical specific environmental conditions. These conditions could include free DNA from native microorganisms resistant to natural occurring antibiotics that rhizobia could acquire by transformation. Overall, these results may suggest that rhizobial IAR is related both to species genetic determinants and to local conditions. Other studies on chickpea rhizobia have also suggested that tolerance to antibiotics may be related to the bacterial species [22] .
Laranjo and collaborators [17] recently described a group of eight isolates that may be a putative new species of Mesorhizobium able to nodulate chickpea, taking into account the 16S rDNA sequence, DAPD, and protein fingerprinting. The results shown in the present study, on the IAR profiles, support the separate position of these isolates (isolates 64b.-Beja, 78-Elvas, 85-Elvas, CV-18-Elvas, 90-É vora, 94-É vora, 98-É vora, and 102-É vora in cluster A) (Fig. 4A) .
The IAR-based dendrogram shows an outgroup cluster that includes six isolates from Elvas and É vora (77-Elvas, 79-Elvas, 83-Elvas, CV-11-Elvas, 87-É vora, and 89a.-É vora) (Fig. 4A) . Although their 16S rDNA sequence has not yet been determined, the 16S rDNA RFLP, DAPD, and protein profiles analysis (Figs. 1, 2 , and 3) do not support the independent position of this group.
The present 16S rDNA RFLP analysis revealed to be a useful method for grouping new isolates, indicating their putative species and estimating genetic relationships between groups, as described previously by other authors [14, [39] [40] [41] . Indeed, the variations detected between 16S rDNA RFLP within the genus Mesorhizobium seem sufficient to allow species identification.
DAPD fingerprinting also revealed to be fast and reliable in strain identification, as previously reported [17] . DAPD analysis is a global fingerprinting technique as the sequence of the RPO1 primer is reiterated in rhizobial genomes, including plasmids and chromosomes. Indeed, the analysis of Mesorhizobium loti genome revealed more than 60 regions with homology to RPO1 primer sequence [16] .
IAR tests yielded distinct and reproducible profiles showing a diverse susceptibility of the isolates to the set of antibiotics used. This method could be useful for fast differentiation of strains, as already shown by other studies on rhizobia [2, 13, 34] .
IAR and DAPD profiles revealed a higher discriminating power when compared to protein profiles, contrary to the suggestion of Nick et al. [25] .
Global dendrogram (Fig. 5 ), supported by a CCC of 88%, showed a higher discriminating power than any individual technique, allowing the differentiation of all isolates. As clustering of the 16S rDNA sequenced isolates (in bold) (Fig. 1) was conserved in the global dendrogram, we can predict the phylogenetic position of new isolates for which no 16S rDNA sequence data are available as well as genetic relationships within each species group, using the global analysis dendrogram (Fig. 5) . Nevertheless, the 16S rDNA RFLP analysis (Fig. 1) provides enough information for prediction of phylogenetic assignment of new isolates.
In this article, we show that, globally, the IAR analysis of chickpea rhizobia isolates reveals the species groups generated by the different molecular methods used (16S rDNA RFLP, DAPD, and protein profiles). Moreover, IAR analysis and DAPD fingerprinting proved to be fast and reproducible methods for rhizobial isolate differentiation.
